Engineered tissues require enhanced organization of cells and the extracellular matrix (ECM) for proper function. To promote cell organization, substrates with controlled micro-and nanopatterns have been developed as supports for cell growth, and to induce cellular elongation and orientation via contact guidance. Micropatterned ultra-thin biodegradable substrates are desirable for implantation in the host tissue. These substrates, however, need to be mechanically robust to provide substantial support for the generation of new tissues, to be easily retrievable, and to maintain proper handling characteristics. Here, we introduce ultra-thin (<10 mm), self-assembled chitin nanofiber substrates micropatterned by replica molding for engineering cell sheets. These substrates are biodegradable, mechanically strong, yet flexible, and can be easily manipulated into the desired shape. As a proof-of-concept, fibroblast cell attachment, proliferation, elongation, and alignment were studied on the developed substrates with different pattern dimensions. On the optimized substrates, the majority of the cells aligned (<10 ) along the major axis of micropatterned features. With the ease of fabrication and mechanical robustness, the substrates presented herein can be utilized as a versatile system for the engineering and delivery of ordered tissue in applications such as myocardial repair.
Engineered tissues require enhanced organization of cells and the extracellular matrix (ECM) for proper function. To promote cell organization, substrates with controlled micro-and nanopatterns have been developed as supports for cell growth, and to induce cellular elongation and orientation via contact guidance. Micropatterned ultra-thin biodegradable substrates are desirable for implantation in the host tissue. These substrates, however, need to be mechanically robust to provide substantial support for the generation of new tissues, to be easily retrievable, and to maintain proper handling characteristics. Here,
Introduction
Engineered tissues require enhanced organization of cells and the extracellular matrix (ECM) for proper function. [1] [2] [3] The cells reorganize according to the interaction with the ECM based on topography and mechanical properties such as matrix stiffness, elasticity, and viscosity. 4 Alignment of ECM molecules and concentration gradients of immobilized growth factors also play a crucial role in cellular organization. 3 To promote cellular organization, substrates with controlled micro-and nanopatterns have been developed as supports for cell growth, and to induce cellular elongation and orientation via contact guidance in engineered tissues. [5] [6] [7] [8] [9] [10] [11] These substrates produce highly ordered and functional cell-sheets that may be detached from the substrate for delivery to the host tissue via enzymatic degradation or thermal stimulus. [12] [13] [14] [15] [16] [17] Delivery of the engineered cell-sheets oen occurs with a support platform because freestanding cell sheets are mechanically weak and difficult to handle. 18 An alternate approach is to create cell-sheets on ultrathin biodegradable substrates that are implanted in the host tissue. These substrates need to be thin and exible for conformal contact to the tissue of choice and robust for the ease of handling. 19 Robustness of the substrate is particularly important in myocardial tissue repair. 16, 17 During this repair, the cell carrying substrate is also required to restore the mechanical properties of the damaged tissue while the new tissue is growing. To fabricate robust biodegradable substrates, structural biopolymers such as collagen, chitin, and chitosan are particularly appealing for their biocompatibility and mechanical strength. [20] [21] [22] Specically, chitin and its deacetylated derivative, chitosan, possess multiple advantages as tissue engineering substrates including nontoxicity, cytocompatibility, and tunable biodegradability. 20, [23] [24] [25] [26] [27] [28] In addition, the 3-D assembly of nanobrous structures with chitin and chitosan is known to mimic the natural ECM and promote cell attachment and spreading ability. 29 While chitin nanobers already exist in nature, chitosan nanobers are typically produced by electrospinning. [30] [31] [32] Electrospinning is difficult to couple with microand nanofabrication to yield micropatterned substrates. However, chitosan nanobers have found broader use than chitin due to chitin's intractability and insolubility in common organic solvents. We have previously demonstrated the selfassembly of ultrathin (3 nm) a-chitin nanobers from solution 33 and the micro-and nanofabrication of self-assembled chitin nanober structures with so lithography strategies. 34 Here, we utilize this facile and versatile approach to produce transparent, ultra-thin (<10 mm), mechanically robust, yet exible selfassembled chitin nanober micropatterned substrates for tissue engineering (Fig. 1 ). With these micropatterned substrates, we demonstrated cell sheets of aligned broblasts as a proof of concept. The supported cell sheets made in this manner were mechanically robust and easy to handle, yet ex-ible and bendable in the shape of choice.
Experimental

Fabrication of chitin substrates
Substrates with micropatterns were fabricated using replica molding from a "chitin nanober ink" as previously described.
34
The chitin nanober ink was prepared by stirring an appropriate amount of b-chitin squid extract (Industrial Research LtdNew Zealand) in hexauoro-2-propanol (HFIP) (Oakwood Products, Inc.) for one week under ambient conditions. The starting material had a degree of acetylation dened as n/(m + n) (Fig. 1a) 
Characterization of chitin substrates
A Veeco Multimode V (Nanoscope IV controller) and Veecoprobes Sb-doped Si cantilevers (r ¼ 0.01-0.025 U cm, k ¼ 40 N m À1 , y $ 300 kHz) were used for atomic force microscopy (AFM).
Fourier transform infrared (FTIR) spectra were recorded on freestanding substrates using a Bruker vector 33 FTIR spectrophotometer (4000 to 400 cm À1 , 4 cm À1 resolution). The degree of deacetylation (chitin vs. chitosan) was evaluated using the ratio of A 1560 /A 1030 according to a previously reported procedure.
28,35
Stress vs. strain data of the free-standing substrates were recorded with a Shimadzu AGS-X. The substrates were tested dry before and aer deacetylation as well as aer immersion in Dulbecco's Phosphate Buffered Saline (DPBS) (GIBCO) for 1 and 5 days. Wet substrates were immersed in DPBS for 1 day and tested immediately aer removing from the solution.
Chemical modication of chitin substrates
Chitin substrates were partially deacetylated and coated with bronectin (FN) to improve cell attachment and proliferation. Deacetylation was performed with 5 mM NaOH at 40 C for 1 hour. The substrates were then washed with distilled water three times and air-dried. FN (from bovine plasma, 0.1% sterile solution, Sigma-Aldrich) was coated on the substrate by incubating the chitin substrates in 200 ml of FN solution (50 ml ml
À1
. in DPBS) for two hours (T ¼ 37 C). Aer incubation, the substrates were rinsed thoroughly in DPBS to remove the non-adsorbed and excessive aggregates of FN. The substrates were then dried in a desiccator overnight for further biological experiments.
Cell culture preparation
NIH-3T3 broblast cells were used in this work. The cells were maintained in T-75 asks at 37 C and 5% CO 2 and cultured in Dulbecco's Modied Eagle Medium (DMEM) supplemented with 10% FBS and 1% penicillin-streptomycin. Prior to seeding cells on chitin substrates, the samples were rinsed in NIH-3T3 cell culture medium twice. 80% conuent 3T3 cells were trypsinized, washed and suspended in fresh culture medium and subsequently the cell suspension was diluted with cell growth medium to reach the desired cell concentration. A cell suspension containing 1000 cells per 500 ml of medium was then added to each sample for further testing.
Cell proliferation and immunouorescence for cytoskeletal organization
Cell attachment and proliferation on the micropatterned and control (without pattern) chitin substrates were evaluated by direct cell counting at days 0 and 5 of culture. Immunostaining assesses the actin cytoskeletal organization (F-actin) of the cells attached to different samples. The samples were washed three times in DPBS and were xed in 4% paraformaldehyde (PF) solution in DPBS for 20 min at room temperature. The substrates were then submerged in 0.1% Triton X-100 solution in DPBS for 30 minutes in order to permeabilize the cell membranes and blocked in 1% bovine serum albumin (BSA) for 1 h. The actin cytoskeleton was stained using 1 : 40 dilution of Alexa Fluor-594 phalloidin (Invitrogen) in 1% BSA. Following immunostaining, the cell nuclei were stained with 1 : 1000 dilution of 4 0 ,6-diamidino-2-phenyl indole dihydrochloride (DAPI) stain (Invitrogen) in DPBS for 5 min. Upon staining, the samples were imaged using an inverted uorescence microscope (Nikon TE 2000-U, Nikon instruments Inc., USA) and the uorescence images were analyzed using NIH Image J soware (version 1.4).
Quantication of cellular alignment and shape index
To quantify cellular alignment on micropatterned and control chitin substrates, uorescence images were obtained at 5-6 different locations of each sample aer 5 days of culture. The shape of each individual nucleus was rst tted with an ellipse and the normalized nuclei alignment was dened according to a previously published procedure. 36 The normalized cellular alignment angles were nally grouped in 10 degree increments to compare the alignment of nuclei on patterned and control substrates. Cell elongation within each sample was evaluated using uorescence images of the cells' cytoskeleton stained for F-actin laments (5-6 regions). Cell elongation was determined as the ratio of cell length to cell width. The cell length was dened as its longest chord and the cell width was dened as the longest chord perpendicular to its length. The angle between the cells longest chord and the direction of the micropattern grating was dened as the cell orientation angle.
Results and discussion
We prepared the chitin micropatterned substrates by replica molding of a "chitin nanober ink" (Fig. 1) . The chitin nanober ink is a solution of squid pen b-chitin that self-assembles into 3 nm diameter a-chitin nanobers upon drying. 33, 34 To create the desired substrates, an appropriate amount of chitin nanober ink was drop cast on top of the mold and allowed to dry overnight under ambient conditions. In this work, we used PDMS replica of different gratings as molds to create the substrates. We chose micropatterns with 3.16 mm spacing (G1) and 12 mm spacing (G2) to evaluate the effects of groove spacing on cell alignment, G1 being smaller than the average cell diameter, and G2 being slightly larger than the average cell diameter. Supported chitin micropatterned substrates were obtained by placing a glass slide on the top of the solution during drying (Fig. 1b) . This simple strategy afforded the attachment of chitin nanober substrates to an arbitrary support without requiring additional adhesives, which may be toxic for the cells. Free-standing substrates were typically thicker than the supported substrates and were peeled off directly from the mold (Fig. 1c) . The free-standing substrates were robust and could be easily lied out from the molds with a pair of lab-tweezers. Both supported and free-standing substrates were easy to handle and stable in cell culture media for extended periods of time. The microfabricated substrates prepared in this fashion exhibited the desired microstructure, which is inferred from the diffraction patterns in the optical images (Fig. 1b and c) and AFM micrographs (Fig. 2a and b) . Micropatterned substrates G1 and G2 closely replicated the spacing and height of the original gratings (Fig. 2c) . Both G1 and G2 substrates had a saw tooth cross-section that derived from the cross-section of the diffraction grating. The features in G1 were on average 193 nm tall, while the features on the G2 substrates were 943 nm tall. For both substrates, uniform features were found in extended areas of up to several cm 2 only
limited by the size of the original master and mold. With appropriate masters and molds, features of arbitrary shape and size ranging from a few nanometers to hundreds of microns were also available with the "chitin nanober ink" expanding the kind of substrates available for future studies. Over y substrates were reliably reproduced from the same master without observing any degradation of the replicated master. Each PDMS mold was reused at most ten times before noticing some degradation of the patterns due to mold contamination with the chitin material. As previously reported, the random morphology of chitin nanobers was maintained intact in the micropatterns with the replica molding process (Fig. 2d) . 34 In the future, substrates with chitin nanobers aligned along the micropattern direction may be fabricated with directional drying. 33 This replica molding process was low cost, easy to use, high throughput, and did not require expensive clean room equipment. With this simple solution processing micropatterned supported and free-standing substrates were created in one step for further experiments.
To employ the micropatterned nanober substrates for tissue engineering, NIH-3T3 broblast cells were seeded on the substrates with different sizes of grooves and their behavior was subsequently investigated. We chose broblasts for proof-ofconcept because the organization of broblasts within the ECM of native myocardial tissue is critical to cell alignment, which inuences the electrical and mechanical properties of the heart. 37 Fibroblast cell attachment to the as-prepared chitin substrates was low, as previously observed for neuronal cells, possibly due to the lack of reactive species and positive charges on the chitin surface. 28 To improve cell attachment, the chitin substrates were partially deacetylated and coated with a thin layer of FN. FN is an ECM protein and plays a major role in cell adhesion, growth, migration, and differentiation.
38 Deacetylation replaced the acetyl group in chitin (Fig. 1a , n block) with an amine (Fig. 1a, m block) resulting in a more hydrophilic and positively charged polymer. When the ratio between acetyl groups and amines is lower than 1 : 1 (n < m), the polymer is typically referred to as chitosan. This deacetylation process of the chitin nanobers allowed ne-tuning of the chemistry of the substrates. The degree of deacetylation (m/(n + m)) of the chitin nanober substrates was determined by FTIR analysis (Fig. 3a) using the ratios of the C-O (amide II) peak at 1560 cm À1 and the C-O peak at 1030 cm À1 . 28, 35 The "as prepared" lm was ca. 14% deacetylated, while aer treatment the degree of deacetylation increased to ca. 30%. Importantly, 30% deacetylation did not signicantly affect the quality of the micropatterns (Fig. 3b) . The deacetylation process to form 30% deacetylated chitin starting from 16% deacetylated chitin was easier than increasing the degree of acetylation of highly deacetylated chitosan as previously reported. 20 Highly deacetylated chitosan does not self-assemble into nanobers from solution because the nanober self-assembly process is driven by the intramolecular hydrogen bonding of the acetyl groups in chitin. 39 However, reducing the number of acetyl groups from 84% to 70% in the self-assembled chitin nanobers did not disrupt the nanober morphology (Fig. 3c) indicating that enough acetyl groups were still present to maintain the hydrogen bonding of the nanober structures. Nanobers with a high surface area provide abundant adhesion sites and enhance the overall cellsubstrate interaction. However, further studies with similarly deacetylated chitin without a nanober structure are required to pinpoint the exact effects of the nanober morphology on cell proliferation, growth, and alignment. Chitin substrates with 30% degree of deacetylation were typically more stable in culture media than the easier to process highly deacetylated chitosan. Highly deacetylated chitosan is soluble in slightly acidic water and oen requires additional chemical modica-tion and crosslinking to retain the structural integrity in aqueous environments. 40 Furthermore, coating the samples with FN retained the quality of the micropatterns for cell-culture experiments. While deacetylation did not affect the nanober morphology, FN coating was present on top of the nanobers (Fig. 3c and d) . In particular, FN formed globules that were approximately 20 nm in diameter on top of the nanober substrates. It is conceivable that these FN globules may assemble along the chitin nanobers as it is suggested by the topography as seen in Fig. 3d . However, further studies are required to determine the exact FN-chitin interaction and its effects on the FN structure.
To evaluate the use of chitin substrates for tissue engineering, we cultured NIH-3T3 cells on the micropatterned and control chitin substrates and measured cell attachment, alignment, and proliferation. On the chitin micropatterned substrates, G1 and G2 ( Fig. 4a and b) cells with a spindle-like morphology aligned their cytoskeletal structure along the major axis of the micropatterned features (contact guidance). In contrast, the cells grown on the control chitin substrates did not have any preferred orientation (Fig. 4c) . We further quantied cell nuclei alignment on G1 and G2 micropatterns aer 5 days of cell culture (Fig. 4d-f) . In G1 and G2, a larger proportion of the cells aligned within the 0-10 preferred angle range as opposed to the control substrate (Fig. 4f) . The degree of cell nuclei alignment on G1 ($45%) and G2 ($55%) samples was signicantly higher (p < 0.05) than the degree of alignment for the control sample (15%) (Fig. 4g ). In addition, on G1 and G2, cell elongation increased with cell alignment. This increase indicated that the substrate topography affected the cell morphology along with cellular alignment (Fig. 4h) . Cell attachment and proliferation were also evaluated with the direct cell counting method at days 1 and 5 of culture. NIH-3T3 broblast cells proliferated at day 5 of culture compared to day 1, indicating that the chitin substrates were non-cytotoxic. In addition, there was no signicant difference in cell proliferation on different micropatterned samples (G1 and G2) compared to the control substrate (Fig. 4i) . Our observations are consistent with earlier work in terms of cellular alignment on micropatterns. 41 In general, a decrease in groove width and an increase in groove depth enhance cellular alignment. 41 We observed more pronounced alignment on the G2 micropatterns, which are not only wider, but also deeper than the G1 micropatterns. In G1 micropatterned features, where the cells' size is larger than the groove width and the groove width is decreased beyond a threshold, the cells easily bridge the neighboring ridges. Such behavior ultimately results in an overall decreased cellular alignment. On the other hand, on G2 micropatterns, where the groove width was within the range of a single cell size (10 mm), the cells were laterally conned within the grooves in between the taller ridges. This connement resulted in improved cellular alignment (ESI, Fig. S1 †) . Having the groove width in the range of a single cell size, the effect of the width on G2 patterns is expected to be more pronounced on cellular alignment compared to the height. However, some effects on cellular alignment from the increased height in the G2 patterns with respect to G1 cannot be completely ruled out at this stage.
The NIH-3T3-seeded free-standing lms were sturdy and easy to manipulate as well as exible (Fig. 5a ) noting that the substrates absorb water and expand up to ve fold of their initial volume. Absorption of water is not surprising because the chitin nanober substrates themselves are hydrophilic and porous with a density of $1 g cm À3 , which is lower than the density of chitin (1.44 g cm À3 ). Water absorption and porosity are desirable properties to afford tunable optimal ow of nutrients to, and waste from, the growing tissue. 1 To gather further insights into the mechanical properties of the substrates, we performed a tensile test of the pristine chitin substrates, as well as the 30% deacetylated chitin nanober substrates before and aer immersion in cell culture media for 1 and 5 days. The elastic modulus (E) of the pristine dry chitin substrates was 2.5 GPa with a tensile strength exceeding 100 MPa (Fig. 5b) . As expected from partial removal of the acetyl groups and the corresponding lower degree of hydrogen bonding, the elastic modulus of the chitin substrates aer deacetylation to 30% decreased to 926 MPa still retaining a tensile strength of 60 MPa (Fig. 5b) . These values for elastic modulus and tensile strength are signicantly higher than the values previously reported for chitosan electrospun nanobers (150 MPa). 42 Even aer deacetylation to 30%, the self-assembled chitin nanobers most likely still have a higher degree of crystallinity and stronger intramolecular hydrogen bonding from the remaining acetyl groups.
39 Notably, only a small decrease in the elastic modulus was observed for the 70% acetylated chitin nanober substrates aer immersion in DPBS for 1 day (E ¼ 875 MPa) and 5 days (E ¼ 674 MPa) when measured aer drying off the excess water from the substrates for 30 minutes under ambient conditions (Fig. S2 †) . These measurements conrmed the stability of the 30% deacetylated chitin nanober substrates in cell culture media. The tensile strength of the substrates immersed in DPBS for 1 and 5 days decreased, however, to $35 MPa. This lower value for tensile strength may be attributed to a higher water content ($25-30%) of the DPBS immersed substrates with respect to the 30% deacetylated dry chitin nanober substrates ($10%). However, some degradation of the substrate material cannot be completely ruled out. To investigate the mechanical properties of the substrates during cell culture, we measured substrates aer immersion in DPBS for 1 day immediately aer removal from the solution while the substrates were still in the swollen state. The elastic modulus was 5 MPa with a tensile strength of 1 MPa (Fig. 5c) . Incorporation of water made the substrates more exible and better suited for tissue engineering applications. 19, 43 In these applications it is desirable for the substrate to have similar mechanical properties of the host tissue. [44] [45] [46] The substrates formed in this way were transparent, which allows the optical characterization of the cell interaction with the substrate (Fig. 5d ). In addition, the cells spread and covered the entire lm and aligned along the micropattern major axis as already observed on the glass-supported chitin substrates (Fig. 5d ). With these favorable properties, the cell-seeded chitin substrates were still mechanically robust but more exible than the dry chitin substrates and withstood bending and rolling to produce more complex 3D structures or transfer to the tissue of choice. These transparent, robust, ultra-thin, free-stranding chitin substrates covered with aligned broblasts with tunable and superior mechanical properties could make a very promising candidate to form 3D functional tissue and mimic the complex hierarchical structure of the ECM.
Conclusions
In this work, we have developed supported and free-standing micropatterned substrates made of self-assembled chitin nanobers. These ultrathin micropatterned substrates are biodegradable, mechanically robust, yet exible and easy to manipulate. The substrates were seeded with NIH-3T3 cells that aligned along the major micropattern axis creating ultra-thin (<10 mm) and free-standing ordered cell sheets. These sheets are sturdy in cell culture media, yet exible and can be easily manipulated to create more complex tissue structures for regenerative medicine and tissue engineering applications. These applications include myocardial repair where the damaged tissue could be mechanically supported by the chitin substrate while the new tissue is growing. Additionally, these chitin substrates are optically transparent and may nd use in retinal regeneration.
